This work investigates the influence of the stimulus frequency in the performance of two Objective Response Detection (ORD) techniques, the Magnitude-Squared Coherence (MSC) and the Component Synchrony Measure (CSM), as applied in somatosensory stimulation. Electroencephalographic signals were collected (10-20 International System) from forty adult volunteers without history of neurological pathologies. The stimuli were applied to the right posterior tibial nerve at the frequencies of 2, 5, 7 and 9 Hz and motor threshold intensity level. The detection was based on the rejection of the null hypothesis of response absence (significance level˛= 0.05 and M = 100 and 500 epochs). The performances of the MSC at the four stimulation frequencies were compared, two-by-two, using the Proportion Test applied to the mean percentage rates in the total (2-100 Hz) and optimal (20-60 Hz) bands. The same was proceeded to the CSM. The evaluated derivations were Cz, C4, Pz and P4. No significant difference was found for any studied technique (MSC or CSM), any M-value, at any derivation. Thus, the highest stimulation frequency (9 Hz) can be used in order to obtain a reduction in the time of response detection in an ORD approach for a fixed M-value.
Introduction
The somatosensory evoked potential (SEP), obtained by electrical stimulation, is nowadays one of the most important methods for intra-operatively evaluating the neurophysiological patient status during vascular or spine surgeries. Since the SEP has very low amplitude in comparison with that of the spontaneous electroencephalogram (EEG), which is considered to be a zero-mean Gaussian noise, this potential is masked by the EEG. Hence, the SEP waveform can only be visualized by averaging a number M of EEG epochs that are synchronized with the stimuli. This procedure, named Coherent Average (CA), may require hundreds of EEG epochs. The result from averaging is augmenting the signalto-noise ratio, since it is expected that the EEG mean tends to zero as M increases. On the other hand, the SEP is expected to be identical from stimulus to stimulus. Therefore, CA leads to an estimate of such potential.
Two characteristic waves are usually used for evaluating the tibial nerve SEP, namely the P37 and the N45, which correspond to potentials that occur at about 37 and 45 ms after the stimulation. The morphology of these waves (amplitude, latency, polarity and conformation) is commonly analyzed and compared with a preoperative potential, used as reference, by a specialist. Thus, the SEP interpretation is dependent of his experience and level of attention. Moreover, it is equally influenced by the quality of the collected signal and shows high variability inter-and intra-individual and also inter-observer, being a clearly subjective procedure.
This subjectivity can be reduced by the application of the Objective Response Detection (ORD) techniques, which are methods based on statistical tests and have been presenting encouraging results for detecting visual (Miranda de Sá et al., 2002; Miranda de Sá and Felix, 2003) , auditory (Cagy and Infantosi, 2007) and somatosensory Melges et al., 2008) cortical responses. These techniques allow detection with a maximum false-positive rate defined a priori. This rate is given by the significance level of the statistical test applied in the ORD techniques. The Magnitude-Squared Coherence (MSC), a frequency domain ORD technique that uses both amplitude and phase of the EEG epochs in its estimate, is one of the most employed techniques for the objective response detection. Another ORD technique that has been showed promising results (Cagy et al., 2000; Ramos et al., 2000; Simpson et al., 2000; Melges et al., 2006 ) is the Component Synchrony Measure (CSM), which uses only phase information. The speed of detection is a crucial aspect in the application of the SEP for intra-operative monitoring. The faster the presence or absence of stimulus response is identified, the faster will be the adjustments of the surgical strategy in order to avoid neurological impairment. The simplest way of augmenting this speed is by increasing the stimulus rate. Thus, for a fixed number M of responses, the total evaluation time can be reduced as the number of stimulus per second increases. However, due to the higher SEP variability, both inter-and intra-individual, morphological changes may arise as a consequence of the stimulus frequency variation (Chiappa, 1997, p. 307 and 323) .
Since morphological SEP changes can be reflected in the detection of the ORD methods, this work aims at investigating whether the variation of the stimulation frequency would change the performance of two ORD techniques, the Magnitude-Squared Coherence and the Component Synchrony Measure, in the tibial nerve SEP detection. Both of them were evaluated using EEG signals collected during stimulation at 2, 5, 7 and 9 Hz from the derivations Cz, C4, Pz and P4.
Materials and methods

Magnitude-Squared Coherence (MSC)
The Magnitude-Squared Coherence represents the portion of the squared mean value of the measured EEG that can be explained by the stimulation. The MSC for the discrete-time, finite duration and windowed signal can be estimated as described in Miranda de Sá et al. (2002) . For the case in which the stimulus is periodic (such as the pulse train in this work), the MSC estimate depends only on the measured EEG and may be expressed as (Miranda de Sá et al., 2002) :
where "'' denotes estimate, Y i (f) is the Fourier Transform of ith window of EEG signal and M is the number of epochs. Refer to Melges et al. (2008) for further details about the MSC interpretation. For the MSC estimate, if we assume that there is no response to the stimulation, we can establish a Hypothesis Test with the null hypothesis (H0) of response absence, that is, the true value of the MSC is zero (Ä 2 (f) = 0). For the case of no stimuli-response, the critical value (Ä 2 crit ) for a given significance level (˛) and M EEG epochs can be analytically calculated by (Miranda de Sá and Infantosi, 2007) :
The critical value constitutes a detection threshold. That is, the cortical response is assumed to exist if the null hypothesis (H0) is rejected, condition that is reached when the estimate value exceeds the critical value (Ä 2 (f ) >Ä 2 crit ).
Component Synchrony Measure (CSM)
The Component Synchrony Measure (CSM) or Phase Synchrony Measure (PSM) indicates the degree of synchronism between frequencies in a signal, taking into account only the phase of its Fourier Transform. The CSM can be estimated as :
where i (f) is the phase angle of the Fourier Transform of the ith epoch at frequency f and M is the number of epochs used in the estimate calculation. It can be shown that the CSM is equivalent to the MSC if the magnitude of the M EEG epochs is discarded (Miranda de Sá and Felix, 2003) . Considering the case of no stimulus response (Null Hypothesis of Synchronism Absence), the asymptotic critical value for a given significance level˛and M EEG epochs can be calculated by (Miranda de Sá and Felix, 2003) :
Analogously as for the MSC, the detection occurs when the estimated value surpasses the critical value (detection threshold) (ˆ 2 (f ) >ˆ 2 crit ).
EEG acquisition
EEG signals during somatosensory stimulation were collected from forty adult volunteers aging from 21 to 41 years old (mean ± standard deviation: 28.6 ± 4.6 years) and without history of neurological pathology. The signals were collected using the EEG BNT-36 (EMSA, Brazil, www.emsamed.com.br) according to the 10-20 International System and all leads were referenced to the earlobe average. The volunteers were lied down in the supine position with eyes closed. The stimuli were applied by means of current pulses (200 s width) to the right posterior tibial nerve using the Atlantis Four (EMSA, Brazil, www.emsamed.com.br). The intensity was adjusted slightly above the motor threshold level (the lowest intensity that produces toe oscillations) at the rates of 1.99, 4.83, 6.68 and 8.51 Hz (nominal values: 2, 5, 7 and 9 Hz). The motor threshold was determined by an accelerometer tied in the toe that allowed the recording of the oscillations. The stimuli in the frequencies of 7 and 9 Hz were applied to 32 of the 40 volunteers. The stimulation protocol consisted of the application of 1000-1400 stimuli. The ground electrode was positioned on the poplitea fossa. Surface silver and gold electrodes were used, respectively, for recording and stimulation. The local ethics committee (CEP-HUCFF/UFRJ) approved this research and all volunteers gave written informed consent to participate.
Pre-processing
First, the signals were band-filtered within 0.5-100 Hz and digitized (16-bits resolution) with BNT-36 at the sampling rate of 600 Hz. The EEG signals were segmented into epochs of 501, 207, 149 and 117 ms synchronized with the stimulation. That is, windows with duration of one inter-stimulus period were used, resulting in spectral resolution of 2.0, 4.83, 6.71 and 8.55 Hz, respectively.
The averaged signal (SEP) is commonly contaminated by the stimulus artefact, which is a wideband and stimuli-synchronized noise and produces distortion in the frequency domain. The signal is transient and was reported to have more important effect up to 5 ms . Hence, in order to minimize the interference of this noise in the MSC we have set to zero the first 5 ms after each stimulus. Also, the final 5 ms was zero padded to ensure window symmetry. Furthermore, a Tukey window with 7 ms rising (falling) time has been applied to each epoch to ensure that the late components of the artefact are also attenuated. Noisy epochs were next discarded by a semi-automatic artefact rejection algorithm, which rejects epochs with more than 5% of continuous samples or more than 10% of samples exceeding ±3SD (where SD is the standard deviation of 20 s of noise-free background EEG selected as reference signal). Both the windowing and the artefact rejection are described in more details in Infantosi et al. (2006) . Then,Ä 2 (f ),Ä 2 crit ,ˆ 2 (f ) andˆ 2 crit were calculated using Eqs. (1)- (4), respectively, with˛= 5% and M = 500 and 100 epochs. Only the derivations Cz, Pz, C4 and P4 were evaluated, since they were considered the best sites for tibial SEP recording, as reported in a previous work (Melges et al., 2008) .
Next, the percentages of detection were calculated for each frequency f for both the MSC and the CSM. Finally, the mean rate of detection for the frequencies from 2 to 100 Hz, as well the maximum response band (20-60 Hz) -as suggested by Infantosi et al. (2006) , was compared using the Proportion Test (Moore, 2005) for each one of the techniques. Fig. 1 illustrates examples of the variations of the SEP (M = 500 epochs) of derivation Cz for the volunteers #4 (stimulated at 9 mA), #6 (15 mA) and #13 (10.5 mA), respectively. In Fig. 1a , a variation in the amplitude of the components P37 and N45 of the SEP can be observed. In Fig. 1b , the P37 is only well defined for the stimulation frequency of fstim = 2 Hz. And in Fig. 1c , changes in both the latency and the amplitude of these potentials can be verified. Fig. 2 depicts the MSC for derivation C4 of volunteer #18 (stimulated at 5.5 mA) and its respective critical value. The detection (Ä 2 (f ) >Ä 2 crit ) occurs mainly for frequencies within the high beta/low gamma band (20-50 Hz).
Results
The percentages of volunteers for whom it was possible to detect electrical stimulus response with the MSC (M = 500 epochs) for the stimulus rates of 2, 5, 7, 9 Hz for derivation Cz are showed in Fig. 3a , for frequencies from 2 Hz to 100 Hz. It can be noted that for the stimulation frequency fstim = 2 Hz, the detection rate is higher between 28 and 56 Hz with detection rates of 71-97%, being the frequency of 44 Hz, the one with the highest percentage. It is worth to remember that Cz is close to the site in which the most well defined short latency SEP is often recorded, Cz (midway between Cz and Pz). For the stimulation frequency fstim = 5 Hz, the frequency band that presented detection rates higher than 70% includes frequencies from 25 to 50 Hz, with maximum detection (100%) at 35 and 40 Hz. The highest detection percentages for volunteers stimulated at 7 and 9 Hz were identified, respectively, at 28-49 Hz and 18-54 Hz frequency bands, with maximum detection rates at 35 Hz (100%) and 27 Hz (97%).
Moreover, it can be observed that the traces of percentages of detection for different stimulation frequencies follow a similar profile, in spite of the differences in the frequency resolution (from 2 to 100 Hz there are 50 multiples of the stimulation frequency for fstim = 2 Hz and 11 for fstim = 9 Hz). Still in Fig. 3a , it can be noted for fstim = 2 Hz, that the frequencies from 2 to 6 Hz also present a relevant performance (rates from 76 to 84%). This reflects mainly the low frequencies of the stimulus artefact and the occurrence of long latency potentials. As an illustration, Fig. 4a presents the SEP at derivation Cz of volunteer #5, stimulated at 2 Hz, showing the presence of long latency potentials. The MSC for both the same volunteer and derivation can be observed in Fig. 4b , where the effects of these potentials in the Objective Response Detection technique can be identified, resulting in detection in the frequency of 2 Hz. Fig. 3b presents the MSC performance (M = 500 epochs), but for the derivation C4, locus close to another derivation frequently used for SEP recording (C4 -2 cm posterior to C4). Also for this derivation, the traces of percentage of detection seem to have the same profile. However, the detection rates are lower than the observed for Cz. For derivation C4, percentages higher than 70% were found in the contiguous frequencies 34-50 Hz, 30-45 Hz, 28-49 Hz and 27-54 Hz, respectively, for fstim of 2, 5, 7 and 9 Hz. That is, frequencies within the high beta band (20-30 Hz) and the low gamma band (30-60 Hz), as obtained for Cz. Fig. 3c and d shows the performance of MSC (M = 500 epochs) for Pz and P4, respectively. As it can be seen, the best detection rates could be found in the range from 18 to 56 Hz. From these figures, it is also possible to note that the detection percentages for P4 are usually lower than that found for Pz. This finding is similar to the result found from the comparison between midsagittal Cz and parasagittal C4.
In order to quantitatively compare the effects of stimulus frequency in the detection percentage, we have applied the Proportion Test (Moore, 2005) to the mean detection rate in the frequencies from 2 to 100 Hz and in the band of maximum response (Infantosi et al., 2006) -20-60 Hz. Thus, the mean detection percentages for the four stimulation frequencies were compared two-by-two for each one of the derivations, Cz, C4, Pz and P4. No significant statistical difference was found between the detection rates at any investigated derivations.
The comparison between the detection rates with the stimulation frequency variation was also evaluated for the CSM (M = 500 epochs) at the derivations Cz, C4, Pz and P4 (Fig. 5) . Similar observations to the reported for the MSC can be extended for the CSM. That is, higher detection percentages were found in the high beta band and low gamma band for any derivation. Moreover, no significant statistical difference was pointed out by the Proportion Test (Moore, 2005) between the mean detection rates in the frequencies from 2 Hz to 100 Hz or in the maximum response band (20-60 Hz), when they were compared two-by-two, for the four stimulation frequencies.
Similarly, no significant different was found in the performance of the MSC (or CSM) for different stimulation frequencies, when it was calculated with M = 100 epochs.
Discussion and conclusion
The time reduction for obtaining both the SEP and the MSC (or CSM) estimates for a given number of epochs is still a challenge.
The solution for this limitation is a determinant factor to widen the applicability of this potential in the surgical monitoring in order to reduce the number of cases of patients with post-operative neurological sequels. The stimulus application with high stimulation rates is a manner of reducing this time. However, as it was described in the literature and briefly shown by examples in this paper, the SEP can present morphological changes with the stimulation frequency variation.
Several works have investigated the effect of applying different stimulation rates in the SEP morphology (Kritchevsky and Wiederholt, 1978; Pratt et al., 1980; Delberghe et al., 1990; Huttunen and Hömberg, 1991; Larrea et al., 1992; Huttunen et al., 1993; Fujii et al., 1994; Manzano et al., 1995; Nagamine et al., 1998; Araki et al., 1999; Gobbelé et al., 1999; Urasaki et al., 2002; Onishi et al., 1991) . However, the majority of these studies has analyzed the mean nerve SEP and has been based on the morphological analysis instead of statistical tests for objective response detection. Here, our focus is on an ORD approach for detecting the tibial nerve SEP.
Comparing the mean percentage of detection for different stimulation frequencies and for the four derivations [Cz] , [C4] , [Pz] and [P4], no significant difference was found for any studied technique (MSC or CSM), for M = 500 or M = 100 epochs. This result indicates that the highest stimulation frequency (9 Hz) can be used in order to obtain a reduction in the time of averaging and response detection for a given number M of EEG epochs.
Considering M = 100 epochs and fstim = 9 Hz, in this work, it was possible to obtain detection in less than 12 s, using the MSC, with percentages varying from 6 to 78% ([Cz] MacDonald et al. (2005) reported the identification of individual replication of SEP waveform with M = 128 epochs and stimulation frequency of 4.7 Hz (equivalent to 27 s). However, they have used stimulation in the supra-maximal threshold (higher than the motor threshold), which could only be applied because the casuistry consisted of anesthetized patients. Simpson et al. (2000) were capable of detecting somatosensory response using the MSC for 10 of the 12 volunteers (83%) with M = 50 epochs and stimulation of 5 Hz, that is 10 s. But, in that work, the detection was defined as the occurrence of positive identification (Ä 2 crit >Ä 2 crit ) for at least 3 frequencies within the band from 20 to 80 Hz. In this work, the detection was identified for each frequency individually.
Moreover, it should be noticed that the stimulus frequency is limited by the occurrence of the more important short-latency SEP components (P37 and N45), which can persist until about 100 ms. That is, in the case of application of a stimulus before these activities have vanished, a potential with different characteristics will be obtained, the steady-state SEP. Thus, as a general rule, the stimulation frequency should be maintained lower than 10 Hz if one wants to analyze the transient SEP.
Finally, the presented results show that the frequency of 9 Hz can be used in order to augment the speed of detection of the tibial nerve somatosensory evoked potential, which is important for surgical monitoring purposes.
